Introduction
The stability of solution-phase nanoparticles can be improved with surface modification via self assembled monolayers (SAMs) thereby increasing their usefulness in biology, catalysis, and nanotechnology. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] SAMs contain with thiol and/or disulfide groups are widely used because of the strong bond that forms between gold and sulfur. 11 For instance, thioctic acid is ideal for SAM formation on gold nanoparticles because of the disulfide and carboxylic acid end group which will be negatively charged at pH 9 ( Figure 1A ).
Utilization of thioctic acid functionalized gold (Au@TA) nanoparticles in any application requires reproducible assembly of thioctic acid on the nanoparticle surface. Reproducible assembly is limited by defect sites in the SAM layer which are caused by (1) incomplete adsorption of thioctic acid during the self assembly process, (2) gauche orientations of the thioctic acid carbon chain, (3) or a non-uniform gold nanoparticle surface. [12] [13] [14] Herein, we observe that the addition of salt (NaCl) during the self assembly of thioctic acid on the surface of gold nanoparticles increases the packing density of thioctic acid SAMs thereby increasing the stability of solution-phase gold nanoparticles. 15 Figure 1 shows a proposed schematic of the self assembly of thioctic acid on gold nanoparticles. We expect that better control in thioctic acid packing density as a result of a saltmediated SAM assembly on gold nanoparticles will be fundamental in achieving reproducible covalently functionalized gold nanoparticles. NaCl is removed by rinsing the nanoparticles with pH adjusted Nanopure water (pH = 11).
Results and Discussion
Samples in which no salt was added but allowed to incubate in thioctic acid solutions were used as controls.
Functionalization was evaluated using a variety of techniques including extinction spectroscopy.
Noble metal nanoparticles (i.e. copper, gold, silver, etc.) exhibit strong extinction properties in the visible region of the electromagnetic spectrum 16, 17 which are sensitive to changes in nanoparticle shape, size, stability, surrounding medium, and/or surface modification. 18, 19 Extinction spectra arise when the frequency of incident light is in resonance with the oscillation of the conduction band electrons of noble metal nanoparticles. This phenomenon is known as the localized surface plasmon resonance (LSPR).
20 Figure 1C shows the LSPR spectra of Au@citrate (0 hours) and Au@TA nanoparticles after being functionalized in thioctic acid at varying salt concentrations. The gold nanoparticles exhibit an extinction maximum (λ max ) at ~518 nm prior to functionalization. After functionalization with thioctic acid, the λ max shifts to ~521 nm. This value does not change significantly with increased incubation time and is indicative of stable, electromagnetically isolated nanostructures.
Because thioctic acid chemisorbs to the surface of gold nanoparticles, the observed optical properties are consistent with changes in the local solution environment upon thioctic acid conjugation.
regarding the packing efficiency of thiols bound to the nanoparticle surfaces are probed using Xray photoelectron spectroscopy (XPS). The sulfur (S 2p) peak of thioctic acid is peak fitted and the areas are normalized using the gold (Au 4f) area to account for differences in nanoparticle concentration between each sample. To quantitate the XPS data, the S 2p and Au 4f peak areas were converted to a S:Au atomic ratio using the empirical atomic sensitivity factor (SF) for each element (SF = 0.54 and 4.95 for S 2p and Au 4f, respectively). 21 Because the Au atomic signal includes both the signal from the surface and a few atomic layers into the gold nanoparticle, the Au signal must be corrected. The depth of the sample that is being signaled in XPS can be calculated using the escape depth as follows:
where λ is the inelastic mean free path (IMFP) and  is the angle between the surface normal and the direction of the emitted electron. 21, 22 For these experiments,  is 0 and λ is 1.78 ± 0.00 2 nm where the IMFP is determined using the NIST Electron Inelastic Mean Free Path Database and the average kinetic energy of the Au 4f peaks. [23] [24] [25] To apply this to a nanoparticle, the shell method must also be implemented to calculate the total number of atomic gold layers in a nanoparticle . 5, 26 The shell method models a nanoparticle as a central atom which is surrounded by n shells (i.e. layers) of gold atoms where the number of gold atoms in the nth shell can be calculated using the equation 10n 2 +2. 5, 26 Next, the total number of shells per nanoparticle is calculated by dividing the nanoparticle radius (d Au = r NP /2) by the gold atom diameter (r Au = 2.882Å) (Figure 2 ). Dividing the escape depth by the diameter of a gold atom will yield the number of atomic layers signaled (N layer ) as follows:
where the number of layers is rounded to the closest whole number of shells in subsequent calculations.
Using these equations, a gold nanoparticle (d = 11.6 nm) contains 20 shells total but ~6 are sampled in these XPS conditions. The shell method can be applied to correct the S to Au atomic ratio (S/Au surface ) using the following equation: In order to distinguish if increased thioctic acid SAM packing density arises from the systematic addition of NaCl or from increased incubation time with thioctic acid, the S/Au surface atomic ratio for gold nanoparticles incubated with thioctic acid in the absence and presence of NaCl are compared ( Figure 3) . In both ligand exchange environments, the S/Au surface atomic ratio increases systematically with increasing thioctic acid incubation times. Furthermore, these data clearly display that the S/Au surface atomic ratio saturates after an incubation period of 72 hours.
Additionally, longer incubation times increase the number of thioctic acid molecules on the Au nanoparticle surface, and salt mediates this process. 5, [21] [22] [23] [24] [25] [26] By applying an exponential fit to these data, a saturated S/Au surface atomic ratio of 0.32 9 and 0.38 8 is calculated for Au@TA nanoparticles incubated in absence and presence of NaCl, respectively. In the absence of NaCl, these values imply that at least three gold atoms interact with one sulfur atom. In comparison, this value decreases to ~2.5 gold atoms interacting with each sulfur atom for SAMs prepared in the presence of NaCl. While the difference between the S/Au surface atomic ratio is small, significant differences in the number of molecules on nanoparticle surfaces are indicated.
Expanding on these data, the packing density of thioctic acid SAMs on gold nanoparticle surfaces can be estimated. It should be noted that the surface of ~12 nm gold nanoparticles contain predominately (100) surface planes. 27, 28 As a result, the packing density of atoms on the surface on the nanoparticle (σ hkl ) can be calculated as follows:
where Q is 2 for (100) and a is the bulk lattice parameter.
Next, the packing density of thioctic acid on Au@TA nanoparticle surfaces prepared in the absence and presence of salt can be approximated from XPS data as follows:
where the corrected XPS signal (Equation 3), the thioctic acid to sulfur ratio (2 sulfur atoms per thioctic molecule), and the gold atom packing density for a (100) surface plane are found in the first, second, and third brackets, respectively. For Au@TA nanoparticles prepared in the absence of salt, surface coverage is ~1. 
Conclusions
In summary, gold nanoparticles functionalized with thioctic acid were prepared with the slow addition of NaCl. Extinction spectroscopy, XPS, and flocculation studies determined that the selfassembly of thioctic acid on gold nanoparticles increases with increasing NaCl concentration.
First, an increase in NaCl decreases the Debye length surrounding the deprotonated carboxylate groups on the assembled thioctic acid molecules thereby facilitating increased SAM packing densities. Furthermore, the slow addition of NaCl to gold nanoparticles during thioctic acid self assembly increased subsequent functionalized nanoparticle stability vs. controls as determined from flocculation studies. We expect these results to improve strategies for reproducible SAM formation on solution-phase nanostructures. Future studies could be expanded to investigate how nanoparticle shape, size, and radius of curvature impact this self assembly process for ultimate improvements in the reproducible synthesis and use of nanomaterials in a variety of applications. 
